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A sub-micro-liter single-nucleotide-polymorphism (SNP) detector for lab-on-chip applications
1s developed. This detector enables a fast, sensitive, and selective SNP detection directly from
human blood. The detector is fabricated on a Si substrate by a standard complementary metal
oxide semiconductor / micro electro mechanical systems (CMOS/MEMS) process and Polydi-
methylsiloxane (PDMS) molding. Stable and reproducible measurements are obtained by im-
plementing an on-chip Ag/AgCl electrode and encapsulating the detector. The detector senses
the presence of SNPs by measuring the concentration of pyrophosphoric acid generated during
selective DNA amplification. A 0.5-uL-volume detector enabled the successful performance of

the typing of a SNP within the ABO gene using human blood. The measured sensitivity is 566
1



pA/UM.



1. Introduction

A single nucleotide polymorphism (SNP) is a single nucleotide variation from the DNA
consensus sequence that can result in differences between people’s reaction to pathogens,
chemicals, drugs, etc. Hence, SNP genotyping has shown increasing importance in medical
health care."? However, SNP detection methods currently used for bio medical check require
large dedicated equipment, large amounts of samples, and an extensive sample preparation.
Furthermore, some methods have issues of limited SNP specificity and sensitivity ) The inte-
gration of microfluidic components and SNP detectors with high sensitivity on a small die, i.e.,
a lab-on-a-chip (LoC) device, is expected to resolve these present issues.

Recently, LoC technology has been making remarkable progress. The miniaturization of
the microfluidic system and analysis sensor brought many merits, i.e., fast analysis, small void
volume, low power consumption, multi-parallel detection capability, and low cost. In particular,
the considerably large reduction in sample and reagent volumes is beneficial for shorter turna-
round time and lower cost.*®. This LoC technology is now applied to DNA analysis. The use of
LoC having polymerase chain reaction (PCR) and the subsequent DNA analysis have made
great success and some products are ready for commercialization.”” Cho et al. reported a mi-
crofluidic LoC having a micro-PCR fabricated on a silicon substrate by MEMS process tech-
nology for the rapid detection of the hepatitis B virus,” and Palmieri ef al. investigated a LoC
comprising a micro-PCR device.” However, there are only a few reports on LoC systems where
PCR is coupled to SNP detection. '”

A variety of detection approaches have been explored for SNP detectors.'' "> Among them,

electrochemical SNP detection methods have been attracting researchers’ attention owing to



their excellent features such as high sensitivity, low cost, ease of miniaturization, and portabili-
ty.m However, the methods have a drawback, which is the issue of false positive signals False
positive signals arise from the nonspecific binding of redox reporters'® or from the low sensi-
tivity caused by limited probe-DNA immobilization and hybridization on the electrode. In our

. 17,18
previous work, )

we reported an electrochemical detector employing a novel allele-specific
primer (ASP) that initiates PCR amplification only in presence of a SNP. The detector could
detect pyrophosphoric acids produced by PCR operation when a SNP exists. The detection was
in an all-or-nothing manner, which excluded false positive signals. Using a sample volume of
20 uL, accurate allele detection was demonstrated manually. However, to implement the SNP
detector in the LoC, considerable size reduction is needed, which inevitably decreases the signal
amplitude significantly. Even more, a very small volume of sample is susceptible to evaporation
during PCR operation.

Our previous work, we designed a small LoC system with electrochemical SNP detector so
as to enables fast SNP detection directly from blood with high sensitivity and specificity suited
for point of care applications.'” Figure 1 shows the operation principle and a schematic drawing
of the LoC. Most of the components are fabricated on a Si substrate using CMOS/MEMS
processing techniques.zo) Pumps,m valves, and detectors are fabricated separately and later em-
bedded in or on the chip. Through DNA extraction, amplification, purification, and separation,
DNA fragments with the SNP region of interest are isolated and routed to the SNP detectors.
The LoC system can detect multiple SNPs simultaneously (one for each implemented detector).

In this paper, we report a newly designed Si based SNP detector that could be implemented

in our previously reported LoC system. The detector has an appropriately encapsulated chamber

with a large electrode area to ensure sufficient charge transfer from reactants at the electrode
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surface and has an integrated reference Ag/AgCl electrode. Severe evaporation was minimized
by appropriate encapsulation. The typing of a SNP within the ABO gene using human blood

was also demonstrated using the newly designed detector.

2. Detector Fabrication, Operating Principle, and Experimental Procedure
2.1 Detector fabrication

The detector chip is composed of three electrodes [counter electrode, reference electrode
and working electrode, see Fig. 2(a)], placed in a cavity. It was fabricated on a Si wafer by a
standard CMOS/MEMS fabrication technique. Prior to electrode formation, a silicon-nitride
layer with thickness of 100 nm was deposited on the silicon surface by plasma enhanced chem-
ical vapor deposition (PECVD); this layer is necessary for electrical isolation between elec-
trodes. Then, the electrodes were defined by a lift-off process; they were fabricated from a
100-nm-thick gold layer deposited on a 5-nm-thick titanium adhesion layer. The working elec-
trode area is 0.29 mm®. Circular cavities were formed by PDMS molding and perfectly aligned
to the electrode patterns. The cavity diameter is 1.8 mm and the thickness of PDMS is 300 pm;
this gives a detector volume of 0.5 uL. Beside this measurement cavity, a second smaller cavity,
connected to it, was formed [see Fig. 2(a)]. It is used for sample loading and for accessing the
reference electrode. After forming the cavities, part of the reference electrode was covered with
AgCl/Ag ink commercialized by ALS. Finally, the detector was covered by a polymer cover
plate to prevent the evaporation of the sub micro liter solution during the measurement. The

plate has a very small aperture towards ambient to allow air evacuation during the filling pro-



cedure. The fabricated chip is shown in Fig. 2(b).

2.2 SNP detection principle

The operation of the SNP detector involves two steps. The first step is the specific DNA
replication using an ASP. The second step is pyrophosphoric acid (PPi) detection using an elec-
trochemical method. Specific DNA replication is described on top of Fig. 3. The SNP is identi-
fied by a smartly designed ASP having one complementary base corresponding to the SNP base
and two non complementary bases at the 3’ end. Owing to the use of this ASP, elongation and

amplification during PCR are only initiated when the SNP is present.

The detailed electrochemical detection is described in ref. 18, which is schematically
drawn at the bottom of Fig. 3. One PPi molecule is produced for each deoxyribonucleotide tri-
phosphate (dANTP) incorporation during amplification. Therefore, the concentration of PP1 will
be detected only in presence of a SNP.

PPi is detected through a cascade of chemical reactions involving three catalyst enzymes:
pyrophosphatase, glyceraldehyde-3-phosphate dehydrogenase (GAPDH), and diaphorase.

First, PPi is hydrolyzed to phosphoric acid (P1) in the presence of pyrophosphatase:

PPi + H,O <=> 2P1i. (1)

Then, the obtained Pi is mixed together with glyceraldehyde-3-phosphate (GAP), and ni-
cotinamide adenine dinucleotide (NAD"). In the presence of GADPH, the following reaction
takes place:

Pi + GAP + NAD" <=> 1,3-bisphosphoglyceric acid + NADH. (2)
Next, NADH is mixed with potassium ferricyanide (K;[Fe(CN)g]), which, in the presence

of diaphorase, is converted into potassium ferrocyanide Ky[Fe(CN)¢] according to the follow-
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ing reaction:

NADH + H" + K;3[Fe(CN)g] <=> NAD" + K,[Fe(CN);]. 3)
Finally, the [Fe(CN)¢]* ion is detected electrochemically: at the detector electrode, it is oxidized
back to ferricyanide [Fe(CN)6]3', and then electrons are released and current flows in the detec-

tor circuit.

2.3 Measurement procedure
2.3.1 Measurements with ferricyanide for detector optimization

Cyclic voltammetry using a potentiostat (Compactstat: IVIUM Technologies B.V, Ne-
therland) was used to determine the working potential window and the corresponding current
variation. A 0.4 mM solution of K5[Fe(CN)g] in 0.1 M KCl solution was used . The concentra-
tion of Ky[Fe(CN)g] is similar to the typical concentration under real operation conditions. The

potential of the working electrode was scanned from —0.6 to 0.8 V at a scan rate of 100 mV per

second. The voltage scan was repeated 5 times to observe the variation in current.

2.3.2 Measurement with PPi for detector characterization

PPi detection was demonstrated at a concentration typical for SNP DNA replication. The
same potentiostat was used in a chronoamperometric mode. Four different concentrations of PPi
(0, 0.1, 0.3, and 1 mM) were prepared in 45 mM tricine-NaOH buffer (pH 8.5) containing GAP
(10 mM), NAD" (1 mM), K;[Fe(CN)g] (10 mM), MgCl, (1.7 mM), diaphorase (10 U/mL),

GAPDH (32 U/mL), and pyrophosphase (5 U/mL). After preparing 20 uL of the mixture, only
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0.5 pL was transferred to the cavity of the detector chip. The potential of the working electrode
was set at 0.6 V and the time dependence of the current was measured; the measurement was

repeated five times for each of the PPi mixtures.

2.3.3 SNP typing

In this work, SNP detection was demonstrated in the ABO gene. Exon 6 of this gene con-
tains a SNP at the 22" base pair, which is used for human blood genotyping. This base pair is a
G/C base pair in the A and B alleles and an A/T base pair in the O allele.** > This change is due
to the deletion of the G/C base pair in the A and B alleles. In our experiments we used AB and
O blood samples. A two-step PCR reaction was carried out to detect the SNP. In the 1* PCR
reaction, the fragment containing the SNP was selected and enriched using the following pri-
mers:  forward primer (5’-TAGGAAGGATGTCCTCG-3’) and reverse  primer
(5’-TTCTTGATGGCAAACACAGTTAAC-3’) (Life Technologies, custom DNA oligonucleo-
tides). The first PCR was carried out in a 10 UL tube, using 0.2 mM dNTP, 0.02 U/ul KOD po-
lymerase purchased from Toyobo Bio Technology, Co., Ltd., 0.5 uM each of the forward and
reverse primers, and 1.8 UL of the template (blood) in 5 UL of buffer solution for KOD polyme-
rase. A negative control sample (NTC) was also prepared by adding water instead of blood.
Following denaturation at 95 °C for 4 min, 35 cycles of denaturation at 95 °C for 30 s, annealing
at 60 °C for 30 s, and extension at 72 °C for 30 s were carried out. Then, the amplicons obtained
from 1* PCR were centrifuged to separate the supernatant containing the extracted DNA frag-
ments from the mixture including some jelly parts. Next, the separated supernatant was diluted
1000 times in water to reduce the concentration of PPi produced during the 1* PCR. This dilu-
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tion is necessary because a large PPi concentration causes a large background signal and a low

signal/noise ratio.

To detect the SNP using allele-specific primers, a 2" PCR was carried out using the di-
luted product of the 1* PCR as the template and the allele-specific forward primer: 5°
-TAGGAAGGATGTCCTCGTGACG-3’. The reverse primer was the same as that used in the
first PCR.The 10 uLL PCR mixtures contained 0.02 U/uL platinum Taq polymerase (supplied by
Invitrogen), 1.5 uL of PCR buffer for platinum Taq containing dNTP, 1 uM each of the forward
and reverse primers, and 2 uL of the template. Following DNA denaturation at 95 °C for 10 min,
the 2" PCR was carried out for 18 cycles identically to the 1% PCR. After that, the resulting
PCR amplicons were mixed with the same solution used for PPi detection. Finally, 0.5 UL each
of these mixtures was added to the electrochemical detector. Detection was again performed by
setting the potential of the working electrode at 0.6 V and measuring the time dependence of

current. The measurement was repeated five times for each sample.

3. Results and Discussion
3.1 Detector structure optimization

In a previous paper,'” it was demonstrated the electrochemical detector with a cavity depth
of 300 wm and a volume of 0.5 uL could have the required sensitivity. However, for the detector,
current spikes were observed during the measurement from time to time. The spikes were attri-
buted to the open detector cavity configuration with a simply immersed reference Ag/AgCl wire

electrode. Since a patterned gold electrode could not be used as the reference electrode, the



Ag/AgCl wire was simply immersed in the solution. In some occasions, the reference Ag/AgCl
wire vibrated in the fluid causing the current spikes.

In the prototype SNP detector presented here, the stability problem was solved by integrat-
ing a Ag/AgCl electrode. The previous Ag/AgCl wire was replaced with a gold-patterned elec-
trode covered with Ag/AgCl ink. The Ag/AgCl ink was stable enough against the sample solu-
tion during the measurement period. Figure 4(a) shows five consecutive cyclic voltammetry
measurements performed in an open cavity detector having an on-chip Ag/AgCl reference elec-
trode. Measurements were performed following the procedure described in §2.3.1. Well-defined
and regular redox current loops were observed and no current peaks were observed. The peak
currents, at which the oxidation of ferricyanide to ferrocyanide starts, were observed at ap-
proximately 0.4 V.

It was notable that the absolute current value was increased as measurement cycle in-
creased. For example, the current measured at 0.6 V increased by 14% from the first to the fifth
cycle. This large variation could result in the poor reproducibility of the SNP detection process.
We speculated that this effect was due to the evaporation of the solution. The cavity was cov-
ered with a polymer plate to suppress the evaporation for stability improvement. Figure 4(b)
shows the results of five cyclic-voltammetory measurements with the encapsulated structure.
The cyclic-voltammetry loop traced the almost the same trajectories. The current drift at a vol-
tage of 0.6 V was reduced from 14 to 3.5%. [Fig. 4(c)]. The values reported in Fig. 4(c) were
stable against the typical temperature variations of our laboratory (19-22 °C). No detailed inves-

tigation of the effect of temperature in a wider range has been performed.

3.2 PPi detection
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To characterize the sensitivity of our SNP detector, PPi mixtures with various concentra-
tions were measured. As mentioned above, one molecule of PPi is produced for one-base elon-

gation during DNA replication according to the following equation (4):

DNA (n) + dNTP <=> DNA (n+1) + PPi. 4)
where ANTP represents a generic nucleotide. The concentration of PP1 produced in this reaction
is equal to that of DNA multiplied by the number of base pairs contained in the DNA strand.
During PCR, the accumulation of DNA slows down when its concentration reaches approx-
imately 100 nM,** and the final concentration is at most ~1 pM. In our LoC system, the DNA
strands have typical length of 100-150 bp; thus, PPi concentration should be in the 0.1-0.3 mM
range. Therefore, the concentrations of PPi in the mixture were prepared as 0, 0.1, 0.3, and 1
mM and used for the PPi detection check.

Figure 5(a) shows the time dependence of the current vs. PPi concentration with a voltage
of 0.6 V. Each curve is an average of five measurements. At all concentrations, the current first
decreases steeply. A slower decrease followed until the current became constant. The results
could be interpreted as follows. Just after bias application, the ion concentration near the elec-
trode is high. Highly concentrated ions were oxidized and generated a large current. With the
depletion of ions in the region near the electrode, the current gradually decreased. At equili-
brium, a stationary ion gradient is established and the current was governed by the ion diffusion
coefficient.

It is clear that measuring the rapidly varying current just after the bias application might
generate large errors. For this reason, we always measured the detector current 30 s after bias

application. Figure 5(b) shows the average current and its variation (shown in error bar) at 30 s
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vs the PPi concentration. The current is proportional to the PPi concentration up to 0.3 mM,
which corresponds to the typical PPi concentration after DNA replication. However, the current
for 1 mM is about twice smaller than expected. This behavior is due to the depletion of the
NAD reactant. As indicated by eqgs. (1) and (2), four molecules of NAD are necessary for the
detection of one molecule of PPi. In other words, we need 2 mM NAD if we want to detect 1
mM PPi. Since there is only 1 mM NAD in the used reaction mixture the signal is reduced by a
factor of two. Therefore, we conclude that the detection signal is proportional to the PPi con-
centration up to 0.5 mM. Obviously, this range can be easily varied by changing the NAD con-
centration.

In the explored range, the sensitivity is 566 pA/uM which is comparable to a value of 1000
pA/UM reported in ref. 20 for a detector with a 3.3 times larger electrode area. The results pre-

sented in this paper indicated that the newly designed detector has good sensitivity sufficient for

SNP detection.

3.3 SNP typing

The detection procedure is shown in Fig. 6. In a first step, the DNA fragment exon 6 of
the ABO gene was selected and amplified by a 1* PCR following the procedure described in
§2.3.3. The lysis of white blood cells was performed in the same PCR cavity by a 10 min heat-
ing step at 95 °C. Figure 7 shows the electrophoresis patterns after the first PCR. In lanes 2 and
3, clear bands are observed, which indicates that the selected DNA fragments of 135 and 134 bp
from the AB and O blood samples, respectively were successfully amplified, whereas, in lane 4,

there was no amplification for the negative control (NTC) fragment prepared by replacing blood
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with pure water.

After that, a second allele-specific PCR (2nCl PCR) was conducted as described in §2.3.3.
The selectivity of 2" PCR with respect to SNP presence was confirmed by gel electrophoresis
as indicated by lanes 6 and 7 in Fig 7. Only the AB fragment is amplified (lane 6), while the O
fragment (lane 7) and NTC (lane 8) are not.

Finally, AB and O blood typing was carried out using the SNP detector. The amplicon
obtained after the 2™ PCR is added to the mixture, which was used for PPi detection. The per-
cent in volume of the amplicon in this experiment is equal to the percent in volume of PPi in the
experiments described in the previous section. Figure 8(a) shows the time dependence of the
average current with the amplicon from AB and O blood samples, and with the NTC sample.
The current from the AB amplicon was always larger than that from the O amplicon and NTC.
Figure 8(b) shows the net signals, which are the differences of the AB signal minus the NTC
signal and of the O signal minus the NTC signal. A clear difference between the AB and O am-
plicons is observed. Experiments have been repeated five times for each sample, and the meas-
ured fluctuation of the signal, which is shown by error bar, is quite small, as shown in Fig. 8(b).

The efficiency of the SNP detector was demonstrated.

4. Conclusions

We presented an electrochemical SNP detector with a 0.5 puL. volume and appropriate
cavity/electrode structure and that operates by encapsulation. PPi detection and also SNP detec-
tion in the ABO gene from blood are successfully demonstrated in the improved structure.

These results enable the realization of a small and portable LoC SNP detection system, which
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will perform a fast and simultaneous detection of multiple SNPs.
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Figure captions:

Fig. 1: (Color online) Functional blocks of SNP detection system and its schematic cross sec-
tion.

Fig. 2: (Color online) (a) Schematic view of SNP micro detector. (b) Photograph of the fabri-
cated chip.

Fig. 3: (Color online) SNP detection flow based on allele specific primer (ASP) and electro-
chemical reaction. See text for explanation.

Fig. 4: (Color online) (a) Cyclic voltammetry curves measured without encapsulation. Four
measurements are performed one after the other to visualize drift. (b) Same measurements in an
encapsulated cavity . (c¢) Current variations in open and encapsulated cavities.

Fig. 5: (Color online) (a) Current vs time for different concentrations of PPi (0, 0.1, 0.3, and 1
mM).

(b) Current at t=30 s vs PPi concentration. Increase and saturation of current are indicated by
dotted lines.

Fig. 6: (Color online) Detection flow of SNP in exon 6 of ABO gene.

Fig. 7: (Color online) Gel electrophoresis results in ABO gene from AB and O type blood sam-
ples.

Fig. 8: (Color online) SNP detection results in ABO gene from AB and O type blood samples.
(a) Current vs. time for AB, O, and negative control (NTC) after amplification using ASP.

(b) Currents at t=30 s for AB and O fragments after baseline (for NTC) subtraction.
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Fig. 1
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Fig. 2
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Fig. 3
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Fig. 4
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Fig. §
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Fig. 6
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Fig. 7
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Fig. 8
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